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ABSTRACT 



... 714/781; 714/E11 



(57) 

An error correction encoding apparatus wherein the appa- 
ratus structure is simple; an iterative decoding is used to 
achieve a decoding with a close-to-optimum precision; and 
a simple mathematical expression is used to perform an 
evaluation of the characteristic of an error floor area without 
using any computer experiments. In a polynomial multiply- 
ing block 1, (n-l)-th-order polynomial multiplying units 
(12-1 to 12-(m-l)) further divide an information bit string, 
which has been blocked for an error correction encoding, 
into (m-1) blocks having a length n and a single block 
having a length (n-r) (where m and n represent integers equal 
to or greater than two and where r represents an integer 
between 1 and n inclusive); receive blocks, which have the 
length n, of divided information bit strings; and output a 
series having the same length. An r-th-order polynomial 
dividing unit 2 receives an addition of the outputs from the 
respective (n-l)-th-order polynomial multiplying mills 
(12-1 to 12-(m-l)) and also receives a block having the 
length (n-r), and outputs a redundant bit series having a 
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ERROR CORRECTION ENCODING APPARATUS 
AND ERROR CORRECTION ENCODING 
METHOD USED THEREIN 

TECHNICAL FIELD 
[0001] The present invention relates to an error correction 
encoding apparatus and an error correction encoding method 
used therein, and particularly to a block error correction 
encoding system wherein an information series is divided 
into blocks having a predetermined length and a redundant 
series is independently added to each block, a low-density 
parity-check (LDPC) encoding method used in a circuit 
therein, and an apparatus thereof. 

BACKGROUND ART 
[0002] Error correction encoding technologies achieving 
large coding gain have been introduced to satellite commu- 
nications and mobile telecommunication systems in order to 
meet the demands regarding the system structure such as 
reducing required power and the size of antennas. A low- 
density parity-check code is known as an error correction 
code achieving very large coding gain, and has been used in 
various communication systems and storage units such as 
magnetic storage units. 

[0003] The low density parity check code does not refer to 
one particular error correction encoding method, but it is a 
general term for error correction codes characterized by a 
sparse check matrix (most elements in the matrix are 0, and 
the number of "1" elements is very few). By selecting a 
sparse check matrix and using an iterative decoding method 
such as the sum-product algorithm, the low-density parity- 
check code can realize an error correction encoding system 
capable of achieving very large coding gain close to the 
theoretical limit (for instance refer to Non-Patent Docu- 
ments 1 and 2). 

[0004] Technical problems regarding the low-density par- 
ity-check code are as follows. The amount of calculation 
required for the encoding method (the method for calculat- 
ing a redundant bit sequence from an information bit 
sequence) is large, and it is difficult to evaluate the perfor- 
mance of the error-rate characteristics (the obtained coding 
gain) in an area where the error probability is low, particu- 
larly an error floor area. In a most typical encoding apparatus 
in which the encoding system is constituted by matrix 
multiplication by a generator matrix of the code, the number 
of exclusive-OR operations required is proportional to the 
square of the code length. 

[0005] Further, when an encoding apparatus is constituted 
by a check matrix of the code, the check matrix is trans- 
formed by means of elementary matrix transformations so 
that it partially forms a diagonal matrix such as an expres- 
sion (1) and the apparatus is realized by the transformed 
check matrix. 



[Expression 1] 

1 01 (1) 



[0006] More concretely, when the part indicated by A in 
the expression (1) is an r x k matrix (where r and k represent 



positive integers), and c t , c 2 , . . . , c k is an information bit 
series of k bits, each bit p, (where i represents an integer 
between 1 and r inclusive) of a redundant bit string p x , p 2 , 
. . . , p r of r bits that corresponds to the information bit series 
of k bits can be derived by the following expression (2): 



[Expression 2] 



[0007] Here, a; i in the expression (2) represents the (i, j) 
element of the rxk matrix A (where i represents an integer 
between 1 and r inclusive, and j represents an integer 
between 1 and k inclusive). Therefore, in order to constitute 
an encoding apparatus of an error correction code, the rxk 
matrix A is held in a storage unit such as a memory, and 
exclusive-OR operations need to be performed as many 
times as the number of "l"s in the elements of the matrix. 

[0008] FIG. 7 shows an example of a conventional encod- 
ing apparatus relating to the low-density parity-check code. 
51 in FIG. 7 is a redundant bit string calculating unit that 
performs the expression (2), 52 in FIG. 7 is a memory that 
holds the matrix A in the expression (1 ), and 53 in FIG. 7 is 
a switch. 

[0009] In regard to the reduction of storage units and 
cxclusive-OR units in an encoding apparatus, a method in 
which the amount of memory is reduced and exclusivc-OR 
operations are simplified by limiting the check matrix to a 
matrix constituted by a cyclic permutation matrix in the 
block-matrix form and imposing regularity on the matrix A 
(for instance refer to Patent Document 1), and a method for 
constituting low-density parity-check codes in which the 
number of "l"s in the elements of the matrix Ais minimized 
whereas the coding gain obtained by iterative decoding is 
maximized (for instance refer to Non-Patent Document 3) 
are known. 

[0010] Further, as error correction codes with which an 
encoding apparatus can easily be realized, cyclic codes in 
which a redundant bit string is calculated by using only a 
polynomial dividing circuit are known; the cyclic codes are 
represented by Reed Solomon (RS) code and BCH code, in 
particular. Further, as with the aforementioned cyclic codes, 
an encoding apparatus can easily be realized by using 
convolutional codes. 

[0011] However, in the cyclic codes or the convolutional 
codes having a long constraint length, the amount of calcu- 
lation required for soft-decision decoding that performs 
decoding with a close-to-optimum precision is very large, 
offering a problem, and sufficient coding gain cannot 
obtained, compared with the low-density parity-check codes 
in which decoding can easily be performed with a close-to- 
optimum precision using an iterative decoding unit utilizing 
the aforementioned sum-product algorithm, which is courted 
as a problem. As relatively simple codes that can be decoded 
with a close-to-optimum precision using an iterative decod- 
ing and used for an encoding apparatus, turbo codes (for 
instance, refer to Patent Document 2) are known, however, 
the turbo codes have low code rates (the ratio between the 
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lengths of the information bit string and the code bit string), 
therefore they are not suitable for a system that requires a 
high code rate. 

[0012] The fact that the evaluation of the error-rate char- 
acteristics of the low-density parity-check codes and the 
performance prediction of the error-rate characteristics can 
be generally performed by a system called "density evolu- 
tion" in an area where the error probability is sufficiently 
high is known (for instance, refer to Non-Patent Document 
4). The performance prediction of the error-rate character- 
istics in an area where the error probability is low, particu- 
larly in an area called error floor, is evaluated by an 
experimental method utilizing a computer simulation. 

[0013] As described above, the conventional encoding 
apparatus relating to a low-density parity-check code are 
implemented by the storage units that hold the matrix A in 
the expression (1) and the operation processing units that 
perform the operation of the expression (2). Further, the 
evaluation of the error-rate characteristics is performed 
experimentally. 
[Patent Document 1] 

[0014] Japanese Patent Kokai Publication No. JP-P20O3- 
115768A(pp. 10-11, FIGS. 4 to 7) 

[Patent Document 2] 

[0015] U.S. Pat. No. 5,446,747 (p. 2, FIG. 1) 
[Non-Patent Document 1] 

[0016] Gallager, R., "Low-Density Parity-Check Codes," 
MIT Press, 1963 

[Non-Patent Document 2] 

[0017] MacKay, D. J. C, "Good Error-Correcting Codes 
Based on Very Sparse Matrices," IEEE Transactions on 
Information Theory, Vol. 45, No. 2, March 1999, pp. 399- 
431 

[Non-Patent Document 3] 

[0018] Richardson, T. J., and Urbanke, R. L., "Efficient 
Encoding of Low-Density Parity-Check Codes," IEEE 
Transactions on Information Theory, Vol. 47, No. 2, Sep- 
tember 2001, pp. 638-656 

[Non-Patent Document 4] 

[0019] Richardson, T. J., Shokrollahi, M. A., and Urbanke, 
R. L., "Design of Capacity-Approaching Irregular Low- 
Density Parity-Check Codes," IEEE Transactions on Infor- 
mation Theory, Vol. 47, No. 2, September 2001, pp. 619-637 

DISCLOSURE OF THE INVENTION 

Problems to be Solved by the Invention 

[0020] Since the conventional error correction encoding 
apparatus relating to the low-density parity-check code 
described above is implemented by the storage units that 
hold the matrix A in the expression (1) and the operation 
processing units that perform the operation of the expression 
(2), the size of the encoding apparatus is very large com- 
pared with the apparatuses utilizing cyclic codes such as 
Reed Solomon code or convolutional codes. Particularly, 
under circumstances in which the demands for the device 
size and power consumption are high such as satellite 



amount of the storage units and the exclusive-OR units 
needs to be further reduced. 

[0021] Further, while an encoding apparatus can be real- 
ized with relative ease using the turbo codes, it is difficult to 
apply such an apparatus to systems that require high code 
rates since the turbo code have low code rates. Because of 
the problems described above, in order to obtain large 
coding gain using the low-density parity-check codes, a 
large amount of calculation is required for encoding process, 
and the configuration of the apparatus become complex, 
particularly in communication systems in which high code 
rates are demanded. 

[0022] Further, in the conventional error correction encod- 
ing apparatus, the evaluation of the error-rate characteristics 
has to be performed experimentally. The prediction of the 
error-rate characteristics in an area where the error prob- 
ability is low, particularly in an area called "error floor", or 
the prediction of the error probability, in which the error 
floor is observed, is an important issue in evaluating the 
reliability of a communication system. An experimental 
method utilizing a computer simulation is effective, how- 
ever, it is time-consuming to experimentally simulate the 
characteristics of an area with an error probability of 10" 12 
considering the capability of current computers. 

[0023] Accordingly, it is an object of the present invention 
to solve the problems above, and provide an error correction 
encoding apparatus wherein the apparatus structure is 
simple, an iterative decoding is used to achieve decoding 
with a close-to-optimum precision, and a simple mathemati- 
cal expression is used to perform evaluation of the charac- 
teristic of an error floor area without using any computer 
experiments, and an error correction encoding method used 
therein. 

Means to Solve the Problems 

[0024] An error correction encoding apparatus according 
to the present invention is an error correction encoding 
apparatus that uses a low-density parity-check code and 
comprises (m-1) polynomial multiplying units (where m 
represents an integer equal to or greater than two) that 
respectively receive a block having a length n (where n 
represents an integer equal to or greater than two) of an 
information bit string divided into the (m-1) blocks of bit 
strings having the length n and a single block of a bit string 
having a length (n-r) (where r represents an integer between 
1 and n inclusive), perform polynomial multiplication, and 
respectively output a bit series having the length n; an adder 
unit that adds each output of the (m-1) polynomial multi- 
plying units; and a polynomial dividing unit that performs 
polynomial division of an output result of the adder unit and 
the block having the length (n-r) and outputs a redundant bit 
series having a length r. 

[0025] An error correction encoding method according to 
the present invention is an error correction encoding method 
in which a low-density parity-check code is used; (m-1) 
polynomial multiplying units (where m represents an integer 
equal to or greater than two) respectively receive a block 
having a length n (where n represents an integer equal to or 
greater than two) of an information bit string divided into the 
(m-1) blocks of bit strings having the length n and a single 
block of a bit string having a length (n-r) (where r represents 
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an integer between 1 and n inclusive), perform polynomial 
multiplication, and respectively output a bit series having 
the length n; an adder unit adds each output of the (m-1) 
polynomial multiplying units; and a polynomial dividing 
unit performs polynomial division of an output result of the 
adder unit and the block having the length (n-r) and outputs 
a redundant bit series having a length r. 

[0026] In other words, in order to achieve the object 
described above, the error correction encoding apparatus 
according to the present invention comprises (m-1) poly- 
nomial multiplying units that further divide an information 
bit string having a length K (where K represents an integer), 
which has been blocked for an error correction encoding, 
into (m-1) blocks having a length n and a single block 
having a length (n-r) (where m and n represent integers equal 
to or greater than two and r represents an integer between 1 
and n inclusive), receive (m-1) blocks, which have the 
length n, among divided information bit strings, perform 
polynomial multiplication, and output a series having the 
length n; an adder unit that adds each output of the (m-1) 
polynomial multiplying units; and a polynomial dividing 
unit that receives an output result of the adder unit and the 
block having the length (n-r), performs polynomial division, 
and outputs a redundant bit series having a length r. 

[0027] By having the configuration described above, the 
error correction encoding apparatus of the present invention 
can be realized with a simple apparatus structure since it is 
formed of polynomial multiplying units and a polynomial 
dividing unit, and the amount of calculation required for 
encoding processing and the apparatus scale can be reduced. 
Further, the number of codewords with minimum weight in 
the error correction encoding apparatus of the present inven- 
tion can be made small by the selection of the wiring 
connection in the polynomial multiplying units and wiring 
connection in the polynomial dividing unit. 

[0028] Therefore, in the error correction encoding appa- 
ratus of the present invention, the apparatus scale is small, 
the apparatus structure is simple, and a large coding gain can 
be obtained using an iterative decoding method, contributing 
to improvement in the reliability and a reduction of the 
required power in communication systems. 

[0029] Further, since accurate approximations of the mini- 
mum distance and the number of codewords with the 
minimum weight are made possible by the way selections 
are made for the wiring connection in the polynomial 
multiplying units and the polynomial dividing unit in the 
error correction encoding apparatus of the present invention, 
it is possible to easily calculate good approximations of the 
error-rate characteristics, particularly the error probability in 
an error floor area, in a typical communication system to 
which the present invention is applied. Therefore, it 
becomes possible to quantitatively evaluate the reliability of 
the communication system even when it is too time-con- 
suming to perform an experimental evaluation using a 
computer simulation or when the amount of calculation is 
too much to do so: 

Meritorious Effects of the Invention 

[0030] In the present invention, by having the configura- 
tion and operation described below, the apparatus structure 
can be made simple, decoding with a close-to-optimum 
precision can be achieved using an iterative decoding, and 



evaluation of the characteristic of an error floor area can be 
performed using a simple mathematical expression without 
using any computer experiments. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0031] FIG. 1 is a block diagram showing the configura- 
tion of an error correction encoding apparatus according to 
an example of the present invention. 

[0032] FIG. 2 is a block diagram showing the configura- 
tion of an (n- l)-th-order polynomial multiplying unit shown 
in FIG. 1. 

[0033] FIG. 3 is a block diagram showing the configura- 
tion of an r-th-order polynomial dividing unit shown in FIG. 
1. 

[0034] FIG. 4 is a block diagram showing the detailed 
configuration of a polynomial multiplying block 1 shown in 
FIG. 1. 

[0035] FIG. 5 is a flowchart showing an example of a 
method for calculating m polynomials that do not equal zero 
according to an example of the present invention. 
[0036] FIG. 6 is a flowchart showing an example of a 
method for calculating polynomials according to another 
example of the present invention. 

[0037] FIG. 7 is a block diagram showing an example of 
a conventional error correction encoding apparatus relating 
to the low-density parity-check code. 

Explanations of Symbols 
[0038] 1: polynomial multiplying block 
[0039] 2: r-th-order polynomial dividing unit 
[0040] 3, 4, 24, 34, 124: switch 
[0041] 11, 40: serial/parallel converter unit 
[0042] 12, 12-1 to 12-(m-l): (n-l)-th-order polynomial 
multiplying unit 
[0043] 13: adder unit 

[0044] 21-1 to 21-r, 31-1 to 31-n, 121-1 to 121-n: register 
22-1 to 22-r, 32-1 to 32-n, 122-1 to 122-n: exclusive-OR unit 
[0045] 23-1 to 23-(r-l), 33, 123-1 to 123-n: switch indi- 
cating a wired or unwired state 

PREFERRED MODES FOR CARRYING OUT 
THE INVENTION 

[0046] Next, examples of the present invention will be 
described with reference to the drawings. FIG. 1 is a block 
diagram showing the configuration of an error correction 
encoding apparatus according to an example of the present 
invention. In FIG. 1, the error correction encoding apparatus 
according to an example of the present invention is formed 
by a polynomial multiplying block 1 comprising a serial/ 
parallel (S/P) converter unit 11, an m-1 number of (n-1)- 
th-order polynomial multiplying units 12-1 to 12-(m-l), and 
an adder unit 13, a r-th-orderpolynomial dividing unit 2, and 
switches 3 and 4, and is an apparatus that converts an 
information bit string of (nm-r) bits into a code bit string of 
nm bits (where m and n represent integers equal to or greater 
than two and r represents an integer from 1 to n, inclusive). 
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[0047] As described later, the polynomial multiplying 
block 1 is configured as shown in FIG. 4, however, in order 
to simplify the explanation, we will assume that the poly- 
nomial multiplying block 1 is constituted by an m-1 number 
of (n-l)-th-order polynomial multiplying units 12-1 to 
12-(m-l). 

[0048] An encoding method (or system) of the present 
invention is represented as a systematic encoding scheme in 
which (nm-r) bits from the first bit of the code bit string 
coincide with the information bit string while the remaining 
r bits become a redundant bit string for error correction. 

[0049] The (m-1) (n-l)-th-order polynomial multiplying 
units 12-1 to 12-(m-l) further divide an information bit 
string having a length K (where K represents an integer), 
which has been blocked for an error correction encoding, 
into (m-1) blocks having a length n and a single block 
having a length (n-r) (where m and n represent integers equal 
to or greater than two and where r represents an integer from 
1 to n inclusive), receive each of (m-1) blocks having the 
length n of (among) the divided information bit strings, 
performs (n-l)-th-order polynomial multiplication, and 
each output a series, (or sequence) each having the length n. 

[0050] The adder unit 13 adds up each output of the (m-1) 
(n-l)-th-ordcr polynomial multiplying units 12-1 to 12-(m- 
1). The r-th-order polynomial dividing unit 2 receives the 
block having the length (n-r) and an output result of the 
adder unit 13, performs r-th-order polynomial division, and 
outputs a redundant bit series having a length r. 

[0051] FIG. 2 is a block diagram showing the configure- ' 
tion of the (n-l)-th-order polynomial multiplying unit. In 
FIG. 2, the (n-l)-th-order polynomial multiplying unit 12 is 
constituted by an n number of registers 121-1 to 121-n and, 
an n number, at a maximum, of exclusive-OR units 122-1 to 
122-n. The (n-l)-th-order polynomial multiplying units 
12-1 to 12-(m-l) in FIG. 1 are all configured identically to 
this (n-l)-th-order polynomial multiplying unit 12. 

[0052] The (n-l)-th-order polynomial multiplying unit 12 
receives/outputs n bits, and sequentially receives an input bit 
string of n bits. After it has received all the bits, a switch 124 
is switched over and the contents of the n registers 121-1 to 
121-n are sequentially outputted. 

[0053] In FIG. 2, 123-1 to 123-n are switches that are 
wire-connected or wire-disconnected by a predetermined bit 
string of n bits (hj, h 2 , . . . , h a ). When h is 1 , a part marked 
hj is wire-connected, and when h, is Oj the part marked hj is 
wire-disconnected (j is an integer from 1 to m inclusive). 
How this bit string of n bits (hj, h 2 , . . . , hj is selected will 
be described later. 

[0054] FIG. 3 is a block diagram showing the configura- 
tion of the r-th-order polynomial dividing unit shown in FIG. 
1. In FIG. 3, the r-th-order polynomial dividing unit 2 is 
constituted by an r number of registers 21-1 to 21-r, an r 
number, at a maximum, of exclusive-OR units 22-1 to 22-r, 
and a switch 24. 

[0055] The r-th-order polynomial dividing unit 2 receives 
the resultant n bits of exclusive-OR operations between (n-r) 
information bits and each output bit of the (m-1) (n-l)-th- 
order polynomial multiplying units 121-1 to 121-n, and 
outputs r bits. After it has received the (n-r) information bits , 
the r-th-order polynomial dividing unit 2 switches-over a 
switch 24 and sequentially outputs the results of exclusive- 
OR operations between the remaining r bits of each output 
of the (n-l)-th-order polynomial multiplying units 121-1 to 



121-(m-l) and the contents of the r registers 21-1 to 21-r in 
FIG. 3 (at this time, the input of the information bit string is 
set to 0). 

[0056] The output r bits of the r-th-order polynomial 
dividing unit 2 become the redundant bit string of r bits for 
the information bit string of (nm-r) bits. In FIG. 3, 23-1 to 
23-(r-l) are switches that are wire-connected or discon- 
nected by a predetermined bit string of (r-1) bits (%, u 2 , . 
. . , u^J. When Uj is 1, a part marked 11 is wire-connected, 
and when Uj is 0, the part marked Uj is disconnected (j is an 
integer from 1 to (r-1), inclusive). How this bit string of 
(r-1) bits (uj, u 2 , . . . , u,_!) is selected will be described later. 

[0057] FIG. 4 is a block diagram showing the detailed 
configuration of the polynomial multiplying block 1 shown 
in FIG. 1. In FIG. 4, registers are shared. 33 in FIG. 4 
represents a switch that is connected or disconnected by a 
predetermined bit string of n(m-l) bits. When the same 
method is applied to selection of this bit string of n(m-l) 
bits and the bit string that determines the wire-connection 
state of the switches in the (n-l)-th-order polynomial mul- 
tiplying units 12 in FIG. 2, the relationship between an input 
and an output shown in FIG. 4 coincides with the relation- 
ship between the input and the output of the polynomial 
multiplying block 1 realized by using a (m-1) number of 
(n-l)-th-order polynomial multiplying units 12 in FIG. 2. 

[0058] A check matrix that corresponds to the error cor- 
rection encoding apparatus according to an example of the 
present invention shown in FIG. 1 is indicated in the 
following expression: 

[Expression 3] 

H=(HJHJ...IHJ (3) 
[0059] The check matrix in the expression (3) is a linear 
arrangement of an m number of n x n cyclic matrices, and 
Hi in the expression (3) indicates the n x n cyclic matrix 
(where i is an integer from 1 to m, inclusive). The cyclic 
matrix is expressed as follows. 



[Expression 4] 



Hi = 





■ fi" 




. A" 


/„'" A B 


■ & 



In the expression (4), the positions of the first row vectors 
are shifted by one bit to the left in the second row, and the 
positions of the first row vectors are shifted by (k-l) bits to 
the left in a k-th row thereafter (where k represents an 
integer from two to n, inclusive). 

[0060] The first row vectors of the n x n cyclic matrix in 
the expression (4) is expressed by the following expression: 



[Expression 5] 
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In the expression (5), the first row vectors of the n x n cyclic 
matrix are expressed by a polynomial of an order of (n-1) 
or less as f® (x) (where i is an integer from 1 to m, 

[0061] The selection of the n bit string that determines the 
wiring-connection between the (n-l)-th-order polynomial 
multiplying units 12: 12-1 to 12-(m-l) and the r-th-order 
polynomial dividing unit 2 is determined by the selection of 
m polynomials of an order of (n-1) or less: f° J (x), f< 2) (x), 
. . . , f*" 5 (x). First, a method for selecting the m polynomials 
of the order of (n-1) or less: (x), f< 2) (x), . . . , f< m) will 
be described. 

[0062] Regarding the polynomial f (x) of the order of 
(n-1) or less, a set s (f(x)) is defined by the following 
expression: 

[Expression 6] 

sWi)HHLi*0,QSi<n) (6) 
Here, the coefficient of the term of the order i of f (x) is 
indicated as f i+1 . The set s(f(x)) is a subset of n integers from 
0 to (n-1), inclusive, determined by the polynomial f(x). 

[0063] Further, for integers v from 1 to (n-1), inclusive, a 
subset X v(f(x)) of a Cartesian product s(f(x))xs(f(x)) is 
defined by the following expression: 

[Expression 7] 

K(fy)H(i.M-M mod », iam.jumi) 0) 

[0064] One of the conditions for selecting the m polyno- 
mials of the orders not more than (n-1): f* 0 (x), f 3 ' (x), . . 
. , f*" 1 ' (x) is that the m polynomials satisfy the following 
expression for all the integers v between 1 and (n-1) 
inclusive: 



[Expressions] 

ia,(/ (1) w)i + u,(/ (2) w)i + ... + \uf™m = £ n,(/ w w)i s i 



[0067] The second condition [the expression (9)] is a 
necessary condition in order to have the error correction 
encoding apparatus shown in FIG. 1 accurately calculate a 
redundant bit string. Examples of polynomials that satisfy 
the both conditions [the expressions (8) and (9)] will be 
described later. 

[0068] Next, the wiring connection in the (n-l)-th-order 
polynomial multiplying unit 12 shown in FIG. 2 will be 
described. As mentioned above, the wiring connection of the 
switches 123-1 to 123-n in the (n-l)-th-order polynomial 
multiplying unit 12 in FIG. 2 is determined by a predeter- 
mined bit string of n bits (h lt h 2 , . . . , hj. When hj is 1, a 
part marked hj is connected, and when hj is 0, the part 
marked hj is disconnected (j is an integer between 1 and m 
inclusive). 

[0069] This bit string of n bits {\, h 2 , . . . , hj is selected 
as follows. As mentioned earlier, the error correction encod- 
ing apparatus comprises an (m-1) number of (n-l)-th-order 
polynomial multiplying units 12-1 to 12-(m-l), and an n bit 
string that determines the wiring connection in the i-th 
(n-l)-th-order polynomial multiplying units 12-i is 
expressed as follows. 

[Expression 10] 

A/*>, .... (10) 
(where i represents an integer between 1 and (m-1) inclu- 
sive). This n bit string is defined by the following expression 
(11) using (m-1) polynomials g (2) (x), g p> (x), g (m) (x) 
indicated in the expression (9): 



[Expression 11] 
[Expression 12] 



[0065] Here, the number of elements in a set A will be 
indicated as |A|. A second condition for selecting the m 
polynomials of the orders not more than (n-1): f- 1 ' (x), f 3 ' 

(x) f< ra) (x) is that each of (m-1) polynomials f 2) (x), 

. . . , f< m) (x) is divisible by the polynomial f* 1 ' (x) with the 
polynomial (x n -l) as a divisor. Further, these (m-1) number 
of quotient polynomials are expressed as g <2) (x), g <3) (x), 
. . g Cm) (x) as indicated by the following expression: 

[Expression 9] 

/WW"^^-!), '=2.3A . . . , m (9) 

[0066] The first condition [the expression (8)] for selecting 
the m polynomials of the orders not more than (n-1): f* 1 ' (x), 
f 3 ' (x), . . . , i*™ 9 (x) is a necessary condition in order, to 
achieve a decoding with a close-to-optimum precisionusing 
an iterative decoding of the low-density parity-check code, 
typically, the sum-product algorithm etc. As a matter of fact, 
by satisfying this condition [the expression (8)], a maximum 
number of Is included in each row vector' of the check 
matrix shown in the expression (3) becomes (nm) 1 ' 2 , and the 
check matrix becomes a sparse matrix. 



(where k is an integer belween two and m inclusive). 
Further, the bit string of n(m-l) bits that determines the 
wiring connection of the switches in FIG. 4 is similarly 
defined by the expression (10). 

[Expression 13] 

hi.hj.....hj.i-ia,...m-l (13) 
[0070] Next, the wiring connection in the r-th-order poly- 
nomial dividing unit 2 shown in FIG. 3 will be described. 
The switches 23-1 to 23-(r-l) in FIG. 3 are wire-connected 
or wire-disconnected by a predetermined bit string of (r-1) 
bits (Uj, u 2 , . . . , u^j. When Uj is 1, a part marked Uj is 
connected, and when Uj is 0, the part marked Uj is discon- 
nected (j is an integer between 1 and (r-1) inclusive). The bit 
string of (r-1) bits (u^ u 2 , . . . , u,..,) is defined by the 
following expression using the aforementioned polynomial 
f«(x): 

[Expression 14] 

1+^1*+"^+ ■ • • ^- l + ^-iygcd^'\x), 
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[0071] Here, gcd^ (x), x"-!) represents the greatest 
common polynomial of f J) (x) and (xM), and the order of 
this greatest common polynomial is (n-r). As mentioned 
earlier, r is the redundant bit number of the encoding 
apparatus of the present invention. In other words, the 
information bit number of the error correction encoding 
apparatus of the present invention is the bit number obtained 
by, adding the order number of the greatest common poly- 
nomial of f^ (x) and (x*-l) to n(m-l). 
[0072] Next, the operation of the present example will be 
described. The error correction encoding apparatus shown in 
FIG. 1 sequentially receives the information bit string hav- 
ing the length K=(nm-r) bit (where m and n represent 
integers equal to or greater than two, and r represents an 
integer between 1 and n inclusive), which has been blocked 
for an error correction encoding. The information bit series 
is divided into a first block including the first bit to an 
n(m-l)-th bit and a second block including an (n(m-l)+l)- 
th bit to an (nm-r)-th bit. 

[0073] The polynomial multiplying block 1 constituted by 
the (m-1) (n-l)-th-order polynomial multiplying units 12-1 
to 12-(m-l) sequentially receives the first block, and after 
the switch 3 has been switched over, the second block is 
1 1 l I lly received by the r-th-order polynomial dividing 
unit 2. The first block having a length n(m-l) in the 
information bit string received by the polynomial multiply- 
ing block 1 is converted by the serial/parallel converter unit 
11 into (m-1) bits, and each bit of the converted (m-1) bits 
is sequentially supplied to the (n-l)-th-order polynomial 
multiplying units 12-1 to 12-(m-l). 
[0074] There are an (m-1) number of the (n-l)-th-order 
polynomial multiplying units 12-1 to 12-(m-l), and an i-th 
bit (where i represents an integer between 1 and (m-1) 
inclusive) of the serial/parallel converted (m-1) bits is 
supplied to the i-th (n-l)-th-order polynomial multiplying 
units 12-i. In other words, the first block is further divided 
into (m-1) blocks having the length n by the serial/parallel 
converter unit 11, and each of the (m-1) blocks having the 
length n is received by each of the (m-1) (n-l)-th-order 
polynomial multiplying units 12-1 to 12-(m-l). 
[0075] Each of the (n-l)-th-order polynomial multiplying 
units 12-1 to 12-(m-l ) receives the divided n bits, and their 
output bit number is n bit. The bitwise exclusive-OR of each 
output of the (m-1) (n-l)-th-order polynomial multiplying 
units 12-1 to 12-(m-l) becomes the n-bit output of the 
polynomial multiplying block 1. 

[0076] Next, the operation of the (n-l)-th-order polyno- 
mial multiplying unit 12 shown in FIG. 2 will be described. 
The contents of the registers 121-1 to 121-n are all initialized 
to zero, and they sequentially receive the n-bit string bit by 
bit. During this time, the switch 124 is set so that there will 
be feedback. After all the n bits have been received, the 
switch 124 is switched, and the contents'of the registers 
121-1 to 121-n are sequentially outputted. 
[0077] The error correction encoding apparatus shown in 
FIG. 1 uses the (m-1) number of (n-l)-th-order polynomial 
multiplying units 12. Since the exclusive-OR of each output 
of the (n-l)-th-order polynomial multiplying units 12-1 to 
12-(m-l) becomes the output of the polynomial multiplying 
block 1, each of the registers (121-1 to 121-n) can be shared 
with the other (n-l)-th-order polynomial multiplying units 
12-1 to 12-(m-l). 



[0078] The configuration of the polynomial multiplying 
block 1 shown in FIG. 4 can be achieved as described above. 
The operation in the configuration in FIG. 4 is the same as 
described except for the fact that the registers 31-1 to 31-n 
are shared, and a desired output result can be obtained with 
this configuration shown in FIG. 4. 

[0079] Next, the r-th-order polynomial dividing unit 2 
shown in FIG. 3 will be described. The contents of the 
registers 21-1 to 21 -r are all initialized to zero, and they 
sequentially and simultaneously receive the last half (n-r) 
bits of the information bit string and the n-bit output of the 
polynomial multiplying block 1 bit by bit. During this time, 
the switch 24 in FIG. 3 is set so that there will be feedback. 
After the (n-r)-bit information bit string has been received, 
the switch 24 is switched, and the exclusive-ORs of the 
remaining r bits of the output of the polynomial multiplying 
block 1 and the content of each register (21-1 to 21 -r) are 
sequentially outputted (the input of the information bit string 
is set to zero at this time). 

[0080] The r-bit output of the r-th-order polynomial divid- 
ing unit 2 shown in FIG. 3 becomes the redundant bit string 
for the information bit string of (nm-r) bits. When the 
redundant bit number r coincides with n, it means that the bit 
number of the information bit string received by the r-th- 
order polynomial dividing unit 2 is zero, and in this case, the 
r-th-order polynomial dividing unit 2 simply outputs the 
n-bit output of the polynomial multiplying block 1. 
[0081] Next, the output switch 4 of the error correction 
encoding apparatus shown in FIG. 1 will be described. The 
information bit string of (nm-r) bits becomes an output bit 
string of the error correction encoding apparatus simulta- 
neously as it is received by the polynomial multiplying 
block 1 or the r-th-order polynomial dividing unit 2. At this 
time, if necessary, the first to the n(m-l)-th bits of the 
information bits received by the polynomial multiplying 
block 1 are rearranged so that their order coincides with the 
bit order indicated by the check matrix shown in the expres- 
sion (3) before being outputted. 

[0082] After all the (nm-r) bits of the information bit string 
have been outputted, the switch 4 is switched over so that the 
output of the r-th-order polynomial dividing unit 2 is active, 
and the r-bit output of the r-th-order polynomial dividing 
unit 2 is outputted as an output of the error correction 
encoding apparatus. As described, the present example is a 
systematic encoding apparatus in which the first to the 
n(m-r) bits of the code bit string coincide with the informa- 
tion bit string, and the remaining r bits become the redundant 
bit string for error correction. 

[0083] By having such a configuration, an error correction 
encoding apparatus using a low-density parity-check code 
with a code rate equal to or greater than (n-l)/n can be 
constituted by a maximum of 2n registers and 2n exclusive- 
OR units in the present example. 

[0084] Further, as described later, an error correction 
encoding apparatus wherein the coding gain is large and the 
error-rate characteristics in an error floor area can be calcu- 
lated by a simple mathematical evaluation expression (or 
formula) can be constituted by the configuration of the 
present example. 

[0085] Next, a concrete example for calculating polyno- 
mials that satisfy the aforementioned.conditions [the expres- 
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sions (8) and (9)] will be described. Further, using this 
example, how a large coding gain can be obtained and how 
the error-rate characteristics in an error floor area can be 
calculated by a simple mathematical evaluation expression 
will be explained. 

[0086] a is a primitive element a finite field GF(2 2S ) 
(where S is a positive integer), and R is a divisor of S, but 
is not 1 nor S. Further, n is represented by (2 S +1)(2 R -1) and 
m by (2 S -2 S - R )/(2 R -1). A polynomial i|/ k) (x) of an order 
not more than (n-1) is defined by the following expression: 



[Expression 15] 



(where k represents integers between 0 and (2 S -1)/(2 R -1)-1 
inclusive.) 

[0087] Here, L(K) is a subset of integers between 0 and 
(n-1) inclusive, and it is defined by the following expres- 
sion: 

[Expression 16] 

I(A):=0/fr2S|s(a 1 " ioS "' y<2R " 1) H. OSjot} (16) 
Note that Tr 2S | S in the expression (16) represents the trace 
from the finite field GF(2 2S ) to GF(2 S ). There are m number 
of the polynomials i[> (k) (x) that do not equal zero where k 
represents integers hetween 0 and (2 s -l)/(2 R -l)-l inclu- 

[0088] FIG. 5 is a flowchart showing an example of a 
method for calculating the m polynomials that do not equal 
zero. Whether or not the polynomial i|> (k) (x) equals zero 
(where k represents integers between 0 and (2 S -1)/(2 R -1)-1 
inclusive) can be determined by whether or not the trace of 
a k(2s+i) ^ where aism e i ement 0 f a flujte field GF(2 S )) to 
GF(2 R ) equals zero. In other words, it can be determined by 
the following expression: 

[Expression 17] 

JVCa^V) (17) 
[0089] Since (2 S -1)/(2 R -1) multiplied by m is 2 2S -1, the 
set L(k) in the expression (16) corresponds to a set of 
elements that are a subset of the finite field GF (2 2S ), whose 
values coincide with each other when raised to the m-th 
power, and whose traces to the finite field GF (2 s ) are 1. 
Further, even when the value of the trace above is not zero, 
the above expression works as long as the value of the trace 
is the same for each k (where k represents integers between 
0 and (2 S -1)/(2 R -1)-1 inclusive). Therefore, the polynomi- 
als i|i tk) (x) are defined by a set of elements whose values 
coincide with each other when raised to the m-th power, and 
whose traces to the finite field GF (2 s ) are a predetermined 
value other than zero and coincide with each other in a 
subset of the finite field GF (2 2S ) (steps SI to S7 in FIG. 5). 

[0090] After the m polynomials, which are the output of 
the flowchart in FIG. 5, are properly arranged, they are 
represented as f™ (x), F 5 (x), . . . , f< m) (x). These m 
polynomials (x), f< 2) (x), . . . , tf" 0 (x) satisfy the 
aforementioned conditions [the expressions (8) and (9)], 
Here, these m polynomials should be arranged so that, 



particularly, the polynomial l* 1 ' (x) is the minimal polyno- 
mial, which means that, among the polynomials i|> tk) (x) that 
do not equal zero, the order number of its greatest common 
polynomial with (x°-l) is the smallest. 

[0091] The length N of the code bit string in the error 
correction encoding apparatus according to the present 
example constituted by the polynomials selected as 
described is as follows. 

A'.« m =(2 s +l)(2 s -2 s - 11 ) 

The length K of the information bit string is not less than 

M(m-l)-(2 s +l)(2 s -2 s - R -2 R +l) 

To be precise, as described above, it is actually the bit 
number obtained by adding the order number of the greatest 
common polynomial of (x) and (x"-l) to n(m-l). 

[0092] Further, a minimum distance d is represented by 
d=2 R +l, and the number A d of the code bit strings with a 
weight d is at least (2 S +1)(2 S -2 S " R ). In reality, the number 
A d of the code bit strings with the weight d is very close to 
(2 S +1)(2 S -2 S " R ), therefore it is a good approximation. In 
addition, the number of the code bit strings with the weight 
d is very small, and this fact has a good effect on the 
error-rate characteristics as described later. 

[0093] Using the approximations of the minimum distance 
d and the number of the code bit strings with the weight d, 
an approximate value of a bit-error probability Pb when the 
modulation scheme is 2PSK (2 phase-shift keying) and the 
channel is the additive Gaussian channel can be calculated 
by the following expression: 



[Expression 18] 




(18) 



[0094] Here, d represents the niinimum distance (d=2 R + 
1), A d the number of the code bit strings with the weight d, 
N the length of the code bit string, and y code rate (y=K/N). 
Further, Eb/No represents the SNR (signal-to-noise ratio) 
per bit in the additive Gaussian channel, and Q represents 
the Gaussian Q function, which can be expressed by the 
following expression: 



[Expression 19] 

GW=^=£°«p(-f 2 /2)dr 



[0095] By respectively substituting (2 R +1) and (2 S +1)(2 S - 
2 S - R ) for N and d and (2 S +1)(2 S -2 S - R ) for A d in the 
expression (18), the approximate value of bit-error prob- 
ability P b can be calculated. This approximation is highly 
accurate in an error floor area, and it is effective for the 
evaluation of the characteristic of the error floor area when 
it is too time-consuming to perform an experimental evalu- 
ation using a computer simulation or when the amount of 
calculation is too much to do so. 
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[0096] Increasing the minimum distance d is effective for 
improving the error probability using the expression (18) 
and obtaining larger coding gain. There are m number of 
polynomials that do not equal zero among the polynomials 
(x) (k=0, 1, . . ., (2 S -1)/(2 R -1)-1) indicated by the 
expression (15). Instead of using all the m polynomials as 
described, it is possible to increase the minimum distance to 
approximately (2 R +1) by using only parts of the polynomi- 
als. This method will be described. 

[0^97] m' polynomials are selected from m polynomials 
t|) (X) (where k represents integers between 0 and (2 s - 1)/ 
(2 R -1)-1), inclusive that do not equal zero. After they have 
been properly arranged, assume that they are represented as 
(x), f 3 ' (x), . . . , f 0 "' 1 (x). At this time, the polynomial ^ 
(X) and a polynomial i|i (r(k) (x) should not be selected 
together at once. Here, r(k) represents the remainder when 
(2xk) is divided by (2 S -1)/(2 K -1). 
[0098] These m' polynomials f* 1 ' (x), f 35 (x), . . . , f"'' (x) 
satisfy the aforementioned conditions [the expressions (8) 
and (9)], and the length N of the code bit string in the 
encoding apparatus of the present invention constituted by 
the polynomials selected as described is N=nm'. The mini- 
mum distance is equal to or less than 2 R+1 , and the number 
of the code bit strings with a weight 2 R+1 is at least a value 
obtained by multiplying a binomial coefficient of m' and 2 by 
n. A value obtained by substituting a lower bound of the code 
bit strings with this weight 2 R+1 into the expression (18) can 
provide a very good approximation of the error-rate char- 
acteristics when the error probability is relatively low (when 
the signal-to-noise ratio of the channel is relatively high). 
Using this method, the code rate becomes lower compared 
with the case where all the m polynomials are used, how- 
ever, the error characteristics are improved, instead. 

[0099] The present example will be further described 
using exemplified concrete values. In the present example 
described above, we will assume S=6 and R=3. In this case, 
n=455 and m=8. Further, the polynomials V 0 (X) of the 
expression (15) (where k represents integers between 0 and 
8 inclusive) can be expressed as follows. 



[Expression 20] 

>»>M =^ 13 ' +.* 175 +.V 23 ' + .X 287 +x m +*™ (20) 

^V)^ (1 Wm«l(* 455 -l) 

0">M = i*> +y° +x m + x' a + x m + x™ +.r"> ±x™ 

= «W^"Wmod(i 4 "-l) 
0 Ml frO a (^"w/modt.i' 155 - 1) 

^'(x) s (^ 3 »W) 2 mod(.v 455 -l) 

= teW (1) M) 2 mod(. t ' l55 -lj 

<>M s (^>M)Vod(.i"-l) 



Further, ip (0) (x)=0, and g(x) represents the quotient poly- 
nomial when H> (3) (x) is divided by M using (x 455 -l) as 
a divisor. 

[0100] When the eight polynomials (x), f™ (x), . . . , 
(x) are represented by f< k) (x)=ij> (k) (x) (where k=l, 2, . . 



. , 8), these eight polynomials satisfy the aforementioned 
conditions [the expressions (8) and (9)]. At this time, the 
length N of the code bit string is 3640 bits; the length K of 
the information bit string is 3288 bits; the code rate r is 
approximately 0.9; the minimum distance is 9; and the 
number A9 of the code bit strings with a weight 9 is equal to 
or more than 3640. 

[0101] By substituting these values into the expression 
(18) and calculating the error probability, the fact that the 
signal-to-noise ratio per bit required for achieving a bit-error 
probability of 10 -12 after decoding is approximately 5 deci- 
bels can be found out. This can be achieved by utilizing an 
iterative decoding method. 

[0102] A signal-to-noise ratio necessary to achieve an 
even lower bit-error rate using an iterative decoding method 
can also easily be calculated. Further, compared with the 
case where this code is encoded using the Reed Solomon 
code with the same code rate and decoded using a typical 
bounded distance decoding method, a coding gain of 2.0 
decibels (dB) or more can be obtained when the bit-error 
probability after decoding is 10~ 6 . 

[0103] When four polynomials out of the eight polynomi- 
als (x), \|> t2) (x), . . ., t|) (8) (x) are used and represented 
as ft" (x)^ (I) (x), f< 2 > (x)^|/ 4 > (x), f 3 ' (x)=V 7 > (x), f*> 
(x)=vjj (3) (x), these four polynomials satisfy the aforemen- 
tioned conditions [the expressions (8) and (9)] as well. At 
this time, the lengtliN of the code bit string is 1820 bits; the 
length K of the information bit string is 1468 bits; the code 
rate 7 is approximately 0.8; the minimum distance is 16 or 
less; and the number A J6 of the code bit strings with a weight 
16 is 2730 or more. 

[0104] By substituting these values into the expression 
(18) and calculating the error probability, the fact that the 
signal-to-noise ratio per bit required for achieving a bit-error 
probability of 10 -12 after decoding is approximately 4.4 
decibels can be found out, and this can be achieved by 
utilizing an iterative decoding method. A signal-to-noise 
ratio necessary to achieve an even lower bit-error rate using 
an iterative decoding method can also easily be calculated. 
Further, compared with the case where this code is encoded 
using the Reed Solomon code with the same code rate and 
decoded using a typical bounded distance decoding method, 
a coding gain of 2.0 decibels (dB) or more can be obtained 
when the bit-error probability after decoding is 10~ 6 . 

[0105] FIG. 6 is a flowchart showing a method for calcu- 
lating polynomials according to another example of the 
present invention. In FIG. 6, k represents a non-negative 
integer, and T represents a set of polynomial(s) of order(s) 
not more than (n-1) (where n represents an integer equal to 
or greater than two). Further, p represents powers of two 
such as 2 and 4. In an initial state, k=0; T is an empty set; 
and polynomials of order(s) not more than (n-1) f(x) are 
selected randomly. 

[0106] When these polynomials satisfy the aforemen- 
tioned condition [the expression (8)] (in the expression (8), 
m is 1 and f™ (x) is f(x)), f(x) are added to the elements of 
the set T, and the value of k is increased by one. In a k-fh 
iterative processing in FIG. 6 (where k represents an integer 
equal to or greater than two), when the following polynomial 
(an expression (21)) calculated from the set of polynomials 
T and the polynomials f(x) described above satisfies the 
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aforementioned condition [the expression (8)] (m in the 
expression (8) is k), f^x) is added to the elements of the set 
T and the value of k is increased by one. 

[Expression 21] 

^HA^-'W^-i) (2i) 
As soon as the number of polynomials included in the set of 
polynomials T reaches a predetermined number m (where m 
represents an integer equal to or greater than two), T is 
outputted and the processing ends (steps Sll to S17 in FIG. 
6). 

[0107] In FIG. 6, as described above, by the polynomials 
f(x), which are randomly selected in the initial state, the 
following expression can be obtained: 

[Expression 22] 

/^.(/WJ^-'W^-l), A-1,2 ..., m (22) 

Then the output T of the flowchart of FIG. 6 is T={f ;l) (x), 
f< 2) (x), . . . , f^'M}, and they satisfy the aforementioned 
conditions [the expressions (8) and (9)]. Further, when the 
number of terms that do not equal zero in the polynomials 
f(x) selected in the initial state is represented by w, each of 
the polynomials included in T has w terms that do not equal 
zero. 

[0108] The length N of the code bit string in an error 
correction encoding apparatus according to the present 
example constituted by the m polynomials f (1> (x), f <2) (x), . . 
. , ^"''(x), which are the output of the flowchart in FIG. 6, 
is N=nm, and the length K of the information bit string is at 
least n(m-l). To be precise, as described above, it is actually 
the bit number obtained by adding the order number of the 
greatest common polynomial of f x) (x) and (x"-l) to n(m- 
!)• 

[0109] When pis 2, the minimum distanced is d=w+l and 
the number A d of the code bit strings with a weight d is at 
least n(m-l). In most of cases, a value obtained by substi- 
tuting a lower bound of the number of the code bit strings 
with this minimum weight into the expression (18) can 
provide a very good approximation of the error-rate char- 
acteristics when the error probability is relatively low (when 
the signal-to-noise ratio of the channel is relatively high). 

[0110] Further, when p is not 2, the number of the code bit 
strings with a weight 2w is at least a value obtained by 
multiplying the binomial coefficient of m and 2 by n, and in 
most cases, a value obtained by substituting a lower bound 
of the number of the code bit strings with this minimum 
weight 2w into the expression (18) can provide a very good 
approximation of the error-rate characteristics when the 
error probability is relatively low (when the signal-to-noise 
ratio of the channel is relatively high). 

[0111] Next, the present example will be further described 
using concrete values as an example. When n=255, m=4, 
and p=4 in the present example, by f 5 (x) expressed as below, 

[Expression 23] 

the following expression can be obtained: 
[Expression 24] 

/"'W'teMC^'W^ 55 -!), ir-1,2,3,4 (24) 



Then, as an output of the processing described in FIG. 6, for 
instance, T={1 (1 > (x), P> (x), f< 3) (x), f< 4 > (x)} can be 
obtained. 

[0112] These polynomials satisfy the aforementioned con- 
ditions [the expressions (8) and (9)]. At this time, the length 
N of the code bit string is 1020 bits; the information bit 
number K is 769 bits; the code rate is approximately 0.754; 
the minimum distance is 10 or less; and the number A 10 of 
the code strings with a weight 10 is 1530 or more. 
[0113] By substituting these into the expression (18) and 
calculating the error probability, the fact that the signal-to- 
noise ratio per bit required for achieving a bit-error prob- 
ability of 1 0~ 12 after decoding is approximately 5.6 decibels 
can be found out, and this can be achieved by utilizing an 
iterative decoding method. A signal-to-noise ratio necessary 
to achieve an even lower bit-error rate using an iterative 
decoding method can also easily be calculated. 

[0114] Next, by f 7 (x) in the expression (23), the following 
expression ca be obtained: 

[Expression 25] 

•A*Mr7M/*-'W(^ 55 -l), i=l,2,3,4 (25) 
Then, as an output of the processing shown in FIG. 6, 
T={f ' (x), f 3 ' (x), f< 3 > (x), f< 4) (x)} can be obtained as in the 
case of f* 3) (x) described above. These polynomials satisfy 
the aforementioned conditions [the expressions (8) and (9)]. 
At this time, the length N of the code bit string, the 
information bit number K, and the code rate are 1020, 769, 
and 0.754 respectively, exactly the same as in the case of f 5) 
(x) described above, except that the minimum distance is 
different: 14 or less. Further, the number A 14 of the code 
strings with a weight 14 is 1530 or more. 

[0115] By substituting these into the expression (18) and 
calculating the error probability, the fact that the signal-to- 
noise ratio per bit required for achieving a bit-error prob- 
ability of 10~ 12 after decoding is approximately 5.0 decibels 
can be found out, and this can be achieved by utilizing an 
iterative decoding method. A signal-to-noise ratio necessary 
to achieve an even lower bit-error rate using an iterative 
decoding method can also easily be calculated. 

[0116] When the bit-error probability after decoding is 
10" 12 , compared with the apparatus constituted by f (x) 
described above, an increase of 0.6 decibels in coding gain 
can be expected. On the other hand, when the bit-error 
probability after decoding is 10~ 6 , compared with the appa- 
ratus constituted by f (x), the coding gain decreases by 0.4 
decibels. In this case, the structure of the error correction 
encoding apparatus should be selected according to the 
demands of a communication system, and by the selection of 
polynomials, the error correction encoding apparatus 
according to the present invention is capable of meeting a 
wide variety of demands. 

INDUSTRIAL APPLICABILITY 

[0117] The present invention can be applied to an error 
correction technology for meeting the demands regarding 
the system structure such as reducing required power and the 
size of antennas in satellite communications and mobile 
telecommunication systems or to an error correction tech- 
nology for improving reliability of storage units such as 
magnetic storage units. 
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1. An error correction encoding apparatus using a low- 
density parity-check code, said apparatus comprising: 

(m-1) polynomial multiplying units (where m represents 
an integer equal to or greater than two) that respectively 
receive a block having a length n (where n represents 
an integer equal to or greater than two) of an informa- 
tion bit string divided into said (m-1) blocks of bit 
strings having the length n and a single block of a bit 
string having a length (n-r) (where r represents an 
integer between 1 and n inclusive), perform polynomial 
multiplication, and respectively output a bit series 
having the length n; 

an adder unit that adds each output of said (m-1) poly- 
nomial multiplying units; and 

a polynomial dividing unit that performs polynomial 
division of an output result of said adder unit and said 
block having the length (n-r) and outputs a redundant 
bit series having a length r. 

2. The error correction encoding apparatus as defined in 
claim 1, wherein said polynomial dividing unit and said 
polynomial multiplying units include a circuit in which 
registers and exclusive-OR circuits connected to outputs of 
said registers are connected in a cascade fashion in a 
plurality of stages; and output logics of said exclusive-OR 
circuits are set by wiring connection determined according 
to a predetermined polynomial operation so that output 
logics of said exclusive-OR circuits are non-inverted or 
inverted. 

3. The error correction encoding apparatus as defined in 
claim 2, wherein a wiring polynomial that specifies ths 
wiring connection in said polynomial dividing unit is a 
minimal polynomial among polynomials defined by a set of 
elements whose values coincide with each other when raised 
to the m-th power, and whose traces to a finite field of 2 s 
elements are a value other than zero and coincide with each 
other in a subset of a finite field of 2 2S (where S represents 
a positive integer) elements, and the quotient polynomial 
when a polynomial defined by a subset of another finite field 
is divided by said minimal polynomial is a wiring connec- 
tion polynomial that specifies the wiring connection in said 
polynomial multiplying units. 

4. The error correction encoding apparatus as defined in 
claim 2, wherein wiring polynomials that specify the wiring 
connection in said polynomial dividing unit are randomly 



selected, and each of (m-1) wiring polynomials that specify 
the wiring connection in said (m-1) polynomial multiplying 
units are determined by powers of said polynomials selected 
randomly that are different from each other. 

5. An error correction encoding method using a low- 
density parity-check code, said method comprising; 

in (m-1) polynomial multiplying units (where m repre- 
sents an integer equal to or greater than two) respec- 
tively receiving a block having a length n (where n 
represents an integer equal to or greater than two) of an 
information bit string divided into said (m-1) blocks of 
bit strings having the length n and a single block of a 
bit string having a length (n-r) (where r represents an 
integer from 1 to n, inclusive), performing polynomial 
multiplication, and respectively outputting a bit series 
having the length n; 

in an adder unit adding each output of said (m-1) poly- 
nomial multiplying units; and 

in a polynomial dividing unit performing polynomial 
division of an output result of said adder unit and said 
block having the length (n-r) and outputs a redundant 
bit series having a length r. 

6. The error correction encoding method as defined in 
claim 5, wherein a wiring polynomial that specifics the 
wiring connection in said polynomial dividing unit is a 
minimal polynomial among polynomials defined by a set of 
elements whose values coincide with each other when raised 
to the m-th power, and whose traces to a finite field of 2 s 
elements are a value other than zero and coincide with each 
other in a subset of a finite field of 2 2S (where S represents 
a positive integer) elements, and the quotient polynomial 
when a polynomial defined by a subset of another finite field 
is divided by said minimal polynomial is a wiring polyno- 
mial that specifies the wiring connection in said polynomial 
multiplying units. 

7. The error correction encoding method as defined in 
claim 5, wherein wiring polynomials that specify the wiring 
connection in said polynomial dividing unit are randomly 
selected, and each of (m-1) wiring polynomials that specify 
the wiring connection in said (m-1) polynomial multiplying 
units are determined by powers of said polynomials selected 
randomly that are different from each other. 



